Cardiovascular diseases are the main cause of death in Mexico City and have shown a rising trend over the past 20 years. Various epidemiological studies have reported an association between respirable particles and carbon monoxide (CO), with cardiorespiratory outcomes. The purpose of this study was to assess the effect of particulate matter with aerodynamic diameters of less than 2.5 mm (PM 2.5 ), also known as respirable or fine particles and CO on heart rate variability (HRV) in 5-min periods in patients with known ischemic heart disease. 30 patients were selected from the outpatient clinic of the National Institute of Cardiology of Mexico and followed during 11 h, using electrocardiography (ECG) ambulatory electrocardiograms and personal monitors for CO and PM 2.5 . We calculated frequency-domain measurements using power spectral analysis and assessed the association with pollutants using mixed models analysis in 5-min periods. We found a decrease in HRV measured as high frequency (Ln) (coefficient ¼ À0.008, 95% confidence interval (CI), À0.015, 0.0004) for each 10 mg/m 3 (micrograms per cubic meter) increase of personal PM 2.5 exposure. We also found a decrease of low (ln) (coefficient ¼ À0.024, 95% CI, À0.041, À0.007) and very low frequencies (ln) (coefficient ¼ À0.034, 95% CI, À0.061, À0.007) for 1 parts per million (p.p.m.) increase in CO personal exposure after adjustment for potential confounding factors. These results show that for this high-risk population, the alteration of the cardiac autonomic regulation was significantly associated with both PM 2.5 and CO personal exposures.
Introduction
Cardiovascular diseases are the main cause of death in Mexico City and have shown a rising trend over the past 20 years (Secretarı´a de Salud, 2001) . In various epidemiological studies, the increase in cardiovascular mortality has been associated with an increase in the daily levels of particulate matter with an aerodynamic diameter of less than 10 mm (PM 10 ) and especially of fine particles (particles of less than 2.5 mm (PM 2.5 )), even at levels under the national ambient air quality standards (Borja-Aburto et al., 1997; Zanobetti et al., 2003; Seaton et al., 1995) . Further, an increase in hospital admissions for acute myocardial infarction (MI) has been associated with an elevation in particulate matter and carbon monoxide (CO) concentrations (D'Ippoliti et al., 2003; Lin et al., 2003) .
Several physiological mechanisms have been proposed to explain the effect of these contaminants on cardiac events including alterations in the calcium channels of the myocardial cells and myocardial ischemia. The increase in acid aerosol level may have an irritating effect on the respiratory tract, resulting in acute bronchospasm, pulmonary edema, hypoxemia and an increase in oxygen demand (Yeates et al., 2001) . Another pathway are the inflammatory responses that increase endothelial dysfunction. Studies in animals exposed to diesel emissions have documented significant inflammation of the airways among those exposed to unfiltered fuels (Ulfvarson et al., 1995) . Such inflammation may result in an increase in the coagulability of the blood and instability of the atherosclerotic plaque (Donaldson et al., 2001) , resulting in an increase in the probability of development of clot formation and, consequently, of myocardial ischemia (Peters et al., 1997) . Finally, alterations in the autonomous nervous system may increase the risk for cardiac arrhythmias (Donaldson et al., 2001; Utell et al., 2002) .
One of the mechanisms that may allow for the functioning of this final process is the stimulation of sensory receptors located along the respiratory tract (Widdicombe and Lee, 2001) . This involves an alteration in the vagal response, an effect that can be observed as a decrease in the heart rate variability (HRV). Several HRV indexes have been developed to characterize cardiac autonomic function into parasympathetic (vagal) and sympathetic (adrenergic) responses using time-domain and/or frequency-domain measurements. An initial observation showed that environmental exposure to particulates was associated with changes in cardiac autonomic function in a panel of nursing home residents (Liao, 1999) ; further studies found an acute association (a same-day effect) between environmental and occupational exposures to particulates and fluctuations in HRV (Magari 2001 (Magari , 2002 Holguin et al., 2003) .
CO has been associated with an increase in hospital admissions due to arrhythmia and congestive cardiac failure (Schwartz, 1999) . Other studies found an increase in the number of strokes associated with this pollutant (Hong et al., 2002) . Recently, it has been reported that CO could have an impact on autonomic cardiac regulation (Tarkiainen et al., 2003) .
Most of the studies have not simultaneously used; electrocardiography (ECG) Holter monitors with PM 2.5 and CO personal samplers to assess this short-term relationship. Also, it is not clear if this effect may be stronger in sensitive populations such as patients with ischemic heart disease. These patients have a diminished ventricular ejection fraction (VEF) and a reduced HRV with predominant sympathetic activity over parasympathetic activity. Therefore, a further effect from PM and CO exposures may have significant clinical impact.
We conducted a panel study in the Mexico City Metropolitan Area (MCMA) to assess, under nonexperimental conditions, the association between PM 2.5 and CO exposures and changes in HRV in 5-min periods in patients with known ischemic heart disease.
Methods

Study design
This study was conducted from December 2001 to April 2002, study participants were selected from the outpatient clinic of the Instituto Nacional de Cardiología (National Institute of Cardiology, NIC) of Mexico. Selection criteria required them to be permanent residents of the MCMA; have prior history of MI of over 6 months to guarantee cardiac stability; present with left FEV of 50% or less; be nondiabetic; not have presented with angina pectoris or arrhythmia and be nonsmokers. When patients agreed to participate, they were asked to read and sign an informed consent form.
Technicians from the study visited each patient at 0900 hours in the morning at the Holter room. Patients were hooked to the Holter for ECG recording and each was given personal PM 2.5 and CO exposure monitors in a bag specially crafted for the study. Then, each patient moved to his/her house or workplace. A trained technician stayed by the patient's side recording time spent indoors and outdoors, and his/her position for 5-min time periods. At the end of the day, we took away the monitors in the patient's house.
In addition, all participants completed a questionnaire to collect medical history such as cardiac medical background, presence of other diseases, household conditions and socioeconomic data. Other relevant information such as FEV and use of beta-blockers was gathered from their medical files.
The study protocol was approved by the ethical and research committees of the Instituto Nacional de Cardiología and Instituto de Salud, Ambiente y Trabajo.
Electrocardiogram Holter Monitoring.
ECGs were recorded digitally (sampling rate of 200 Hz (Hertz) per channel) on removable flash cards using a threechannel digital Holter monitor (SpaceLabs model 92513, Dreefield, WI, USA). The hookup of a modified V2, V3 and V5 bipolar lead placement was used. The signal was recorded continuously for each subject from 1000 to 2100 hours.
The ECG recording was reviewed and edited by a single cardiologist. Only normal-to-normal beat (NN) intervals were included in the analysis. The Vision Premier System 2.0 software, with a sample speed of 200/s and a resolution of 8 bits, was used for HRV analysis. We obtained frequencydomain measures in 5-min periods.
Frequency-domain indices were calculated using power spectral analysis (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) , using a fast Fourier transformation with a Hamming window. HRV was computed for each 5-min interval total, high frequency (HF) (0.15-0.4 Hz), low frequency (LF) (0.04-0.15 Hz) and very low frequency (VLF) (0.003-0.04 Hz) (Figure 1 ).
Personal Exposure Monitoring
During. the same 11 h period for which HRV signals were recorded, personal PM 2.5 and CO samples were collected. For PM 2.5 , highly sensitive nephelometers (personal data ram (PDR) model 1200, Monitoring Instruments for the Environment Inc., 2000) connected to a 4 l/min air pump were used. Their functioning is based on the dispersion of light and they were optimized for the measurement of respirable particles. These samplers were programmed to register mean PM 2.5 concentrations in 5-min periods. Data were saved on the monitor's memory, transferred to a computer and analyzed using software designed for that purpose (pdr-COM, 2001 ). The PDR monitors have been validated for conducting exposure assessments in other epidemiological studies (Quintana et al., 2000) . Also, these monitors were calibrated in a zero PM concentration camera located at the laboratory of the Center of Atmospheric Sciences of the National Autonomous University of Mexico (UNAM).
Langan monitors (model T15) were used to measure personal CO exposures. These samplers have an electrochemical sensor optimized to measure CO in the 0 to 200 parts per million (p.p.m.) range, with a resolution of 0.05 p.p.m. (50 p.p.b.). Samplers used for the present study were calibrated using a tank with known concentrations. Also, laboratory and field validation studies have been conducted in which this monitor was validated through comparisons with reference methods finding a strong correlation (Chang et al., 2001 ).
Data Analyses
Data were analyzed using S-Plus 6.1 software. Units for PM concentrations are expressed in mass per unit volume (micrograms per cubic meter (mg/m 3 )), and for CO in p.p.m. For HRV, frequencies are reported in Hertz units. Pooled estimators of the variance were calculated to adjust for multiple and unequal number of measurements per subject. HF, LF and VLF of HRV were not normally distributed (Shapiro-Wild test, Po0.001), thus they were log-transformed (log e ) and modeled as dependent variables.
The fact that the observations were not independent had to be considered in the analyses to avoid bias in the estimation of the standard errors. To assess the relationship between PM 2.5 and CO exposures with HRV, we used mixed-effect models (Brown and Prescott, 2001 ) without a predefined (unstructured) covariance structure, which takes this correlation into account, adjusts for independent variables that change with time (such as subject's activity on a specific period of time) and accounts for participants with missing data during the follow-up. The intercept, personal PM 2.5 exposures and subject's activity were incorporated as random effects, while time of day, use of beta-blockers and CO exposure were considered as fixed effects. We explored the effect of personal CO and PM 2.5 exposures under different lags. The best-fit model was generated following the Akaike's Information Criteria (Akaike, 1974 ) (AIC). The goodness of fit of the final model was checked using a quantile-quantile normal plot of the residuals.
We investigated the potential confounding effect of variables such as passive smoking, age, gender and number of previous infarctions. Models showed no evidence of confounding of either one of these variables. Therefore, they were not included in the models presented.
Results
Characteristics of the Study Population
In all, 33 patients were selected. Participants volunteered to be followed by one technician during a normal day to simultaneously measure HRV and personal PM 2.5 , and CO exposures. Among the participants, 25 were men and only five women (Table 1 ). All of them had a history of at least one previous MI, but not within the past 6 months. Of these, three were not included in the data analysis due to problems with the Holter monitor (two patients) or incomplete PM 2.5 personal exposure data (one patient). Figure 1. This histogram shows the random effects variation for particles on HF. The line corresponds to the mean slope included in the models. We believe that individual susceptibility is present, but we could not identify the factors associated with this. Years since the last infarction (mean, range) 1.7 (0.6-5) Use of beta-blockers (n, %) 23 (76%) Passive smoking (n, %) 14 (46%)
In total, 22 of these 30 patients were former smokers. On average, they had smoked for 20 years (SD ¼ 10.7), ranging from 3 to 36 years, smoking an average of 11 cigarettes per day, ranging from 1 to 30 cigarettes daily; 14 subjects mentioned that someone at home was a smoker. In this population, 76% were taking beta-blockers. The mean left FEV was 45.7%, with a range from 38% to 50%.
On average, the patients were monitored for 10 h and 44 min (SD ¼ 50 min), with a minimum of 6 h and 15 min in one patient who interrupted the monitoring. Participants had at least 71 five-min monitoring period measurements with an average of 111 measurements per participant (SD ¼ 21).
During the study period, the mean temperature was 21.81C, with a minimum of 12.81C and a maximum of 291C. The relative humidity varied between 26.6% and 55.8%, with a mean of 36.5%.
Participants were indoors 73% of the time, mostly sitting down (68% of the time), and walking or standing only for relatively short periods of time (13% and 19% of the time, respectively). The distribution of positions when participants were outdoors was very different, with the majority of the time spent standing up (40%), followed by sitting (31%) or walking (29%). 
4).
For LF, the bivariate analysis showed a significant and negative association with personal PM 2.5 and CO exposures, time of day, physical activity and passive smoking (data not show).
After adjusting for beta-blocker use, time trend and subject's activity, we found in a multivariate mixed model that HRV is highly influenced by heart rate (HR). The mechanism of action of pollutants on HRV is not clear. Our hypothesis is that this exposure could affect the HR as well as the HRV. The effect could occur through two plausible pathways: a direct (pollutant-HRV) and an indirect (pollutant-HR-HRV) pathway. Thus, these two potential pathways of action were considered in the analyses.
To accomplish the above, a two-step adjustment was necessary. First, we modeled the direct effect of personal PM 2.5 and CO exposures on HR. The coefficient of regression was À0.06 (95% CI, 0.018-0.11) for PM 2.5 and À0.017 (95% CI, À0.144, 0.18) for CO. The residuals that resulted from these regressions may be interpreted as the portion of HR that is not explained by exposure to these pollutants. Second, we generated a model for HRV that included the pollutants and other confounders such as activity, medication and time trend, and we adjusted for the residuals obtained in the first step. Table 4 shows the results from the multiple mixed-effect model analyses. The model that better explained the changes in HRV, measured as the natural log of HF, included the personal PM 2.5 exposures, time of day, subject's activity, use of beta-blockers and HR adjustment. With this model, we found a coefficient of À0.008 (95% CI, À0.015, 0.0004) in the change of HF for a 10 mg/m 3 increase in personal PM 2.5 exposures. The regression coefficient without adjustment for HR was À0.006 (95% CI, À0.01, À0.0009). The models for LF and VLF showed no significant associations with personal PM 2.5 exposures, after adjusting for subject's position and time of day.
In contrast, personal CO exposures were not significantly associated with HF, but were negatively associated with LF and VLF, with coefficients equal to 0.024 (95%, CI À0.041, À0.007) and 0.034 (95% CI, À0.061, À0.007), respectively, after adjusting for time of day, subject's position, use of betablockers and HR. Estimated coefficients for the CO-LF and CO-VLF association, when HR was not adjusted for, remained very similar (0.035 and 0.028, respectively) to those that resulted from models that included the adjustment.
We explored the retarded effect of personal PM 2.5 and CO exposures on HRV by analyzing the 5-and 10-min lags. For the personal PM 2.5 exposures-HF association, we found that the effects of that with no lag and that with the 5-min lag were very similar. However, from the 5-to 10-min lag, the regression coefficient increased from À0.007 (P ¼ 0.12) to À0.003 (P ¼ 0.4). For the personal CO-LF association, coefficients also increased, with a stronger effect for no lag than for the 5-and 10-min lags, and decreased sharply for the 10-min lag effect: À0.01 (P ¼ 0.08) and À0.04 (P ¼ 0.6), respectively. Finally, for the effect of personal CO exposures on VLF, the same effect was found for no lag and for the 5-min lag, and decreased sharply for the 10-min lag; coefficients were from À0.03 (P ¼ 0.006) to À0.02 (P ¼ 0.06), from the 5-to 10-min lags.
Discussion
This study shows, for the first time, the acute cardiac autonomic effects of personal, PM 2. 5 and CO exposures in patients with underlying cardiac disease. The findings of this study are consistent with the other studies suggesting that an increase in ambient PM 2.5 concentrations is associated with a diminished HRV response. We found a larger personal PM 2.5 exposure-depressive HRV effect in the HF component. In contrast, there was a negative association between personal CO exposures and LF and VLF.
The group of patients participating in this study had been diagnosed previously with ischemic heart disease. Therefore, they are considered as a high-risk population according to previously published epidemiological studies (Pope et al., 2004) . These studies have suggested that air pollution may accelerate the development of coronary atherosclerosis and worsen its sequelae (Suwa et al., 2002; Koken et al., 2003) . Patients with MI have diminished HRVas a consequence of a lower parasympathetic control of HR. In this population, the LF/HF ratio was 6.8, which is higher than in healthy subjects. (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) .
Our findings are similar to those from Gold et al. (2000) , who studied a group of 21 elderly subjects and reported an association between PM 2.5 and r-MSSD, the time-domain measurements that better correlate with HF in power analysis. Similarly, Magari et al. (2002) reported that for exposure workers there was an average decrease of À1.4% (95% CI ¼ À2.1, À0.6) in the 5-min SD of the normal-tonormal interval for each 100 mg/m 3 increase in the 3-h PM 2.5 moving average, after adjusting for potential confounding factors.
In the study of Creason et al. (2001) , the authors found a negative association (À0.03) between HF log 10 scale and a 10 mg/m 3 PM 2.5 increase, after adjusting for age, sex, cardiovascular disease status and maximum temperature. In our study with ischemic heart disease participants, the coefficient for a 10 mg/m 3 personal PM 2.5 exposure increase One more study exploring this issue was conducted in Mexico City. The authors found a coefficient of À0.091 in HRV (log 10 transformed) associated with an increase of 10 mg/m 3 in PM 2.5 concentrations using 1 h maximum concentrations in outdoor area monitors. Interestingly, LF measurements of HRV tended to decrease, but the change was not significant. These results are also consistent with our findings (Holguin et al., 2003) . Pope et al. (2001) estimated a coefficient of À99.3 ms 2 associated with smoking areas compared with nonsmoking areas and a coefficient of À78 ms 2 associated with sites with concentrations of greater than 100 mg/m 3 , both in the HF power.
In our study, personal CO exposures were found to be inversely associated with HRV, in particular for LF and VLF. To our knowledge, there is only one previous study that reported an association between CO and modifications in HRV measured using the time domain (Tarkiainen et al., 2003) . Tarkiainen and co-workers reported that high exposures to CO were associated with an increase in the square root of the mean of the sum of the squares of differences between adjacent RR intervals. They classified the exposure levels as low (o2.7 p.p.m.) and high (42.7 p.p.m.). This study had some limitations, among them the extremely small sample size of six patients and a relatively low maximum CO concentration (4.5 p.p.m.), a much lower value than the one found in our study.
However, the association between CO exposures and heart failure has been well documented. Schwartz (1999) found a 2.79% (95% CI ¼ 1.89-3.68) increase in heart disease hospital admissions for an interquartile range (1.75 p.p.m.) increase in CO exposures. Yang et al. (2004) reported a significant association between CO levels and hospital admissions for cardiovascular diseases, especially during cool days in a case-crossover study. CO could have an effect on HRV by affecting the endothelium of the coronary artery vessels. Also, it could have an effect on the respiratory regulation at central level, as proposed by Tarkiainen et al. (2003) .
The effect of CO upon LF and VLF may have clinical importance because recent studies have confirmed the usefulness of these parameters as prognostic factors for new MIs in patients with one or more previous episodes. (Kuch et al., 2003; Bettoni and Zimmermann, 2002) . Kuch et al. found that the relative risk of malignant arrhythmia in patients with reduced LF power was 2.3 times (95% CI, 1.03-5.3) higher than in patients with normal values.
This study achieved the simultaneous collection of realtime measurements for personal PM 2.5 exposures, personal CO exposures and ECG in a high-risk population. The number of measurements for each participant allowed us to assess the immediate association between exposures to these pollutants and HRV. Also with this study design, data were collected to control for the different factors with known influence on HRV, such as medication, environmental smoke and patient's position. (Lurje et al., 1997; Lampert et al., 2003) .
Among the study limitations was the lack of information on personal exposures to other pollutants. It would have been of interest to measure ozone concentrations since some studies have found an ozone-particle interaction affecting HRV (Holguin et al., 2003) . Also, a potential additional limitation was the use of the PDR device to monitor personal PM 2.5 exposures, given that some studies have found that they overestimated PM concentrations, comparing them with Harvard impactors (HI2.5) measurements with this device (Liu et al., 2002) . Therefore, the nondifferential measurement error would not affect the associations that have been reported in this study.
For this vulnerable group of patients, we found a consistent association between increased personal PM 2.5 and CO exposures and decreases in HRV. These results suggest that exposures to these pollutants may alter the balance of cardiac autonomic control, and thus may increase the susceptibility of high-risk patients to adverse cardiac events. Further studies are needed to confirm these findings.
